The conjugate natural convection heat transfer in a partially heated square porous enclosure had been studied numerically. The governing dimensionless equations are solved using COMSOL Multiphysics and Darcy model assumed to be used. The considering dimensionless parameters are modified Rayleigh number, finite wall thickness, thermal conductivity ratio and the heat source length. The results are presented in terms of streamlines, isotherms and local and average Nusselt number. The results indicate that; the heat transfer can be enhanced by increasing the modified Rayleigh number. When the heat source length increases, the local Nusselt number of fluid phase increases, while, a reverse behavior of the local Nusselt number along the heat source is found. As the Rayleigh number increase, the local Nusselt number for both fluid and solid phase increases, therefore, the heat transfer rate will be enhanced. On the other hand, when the thermal conductivity ratio increase, the local Nusselt number for the fluid phase increases, and the local Nusselt number along the heated wall decreases.
INTRODUCTION
A large body of research has appeared with respect to investigations of convective heat transfer in vertical surfaces and rectangular porous cavities with surface temperatures. The classical Darcy formulation and Non-Darcy formulations have been used.
Recently, many investigations undertaken on natural convection in enclosures filled with porous media [1] [2] [3] [4] [5] [6] [7] . On the other hand, the conjugate heat convection in enclosures filled with porous medium has evoked much interest by many researchers due to its various practical applications such as cold storage installations and high performance insulation for buildings. These areas have been thoroughly reviewed recently by Nield and Bejan [8] . Das et al. [9] reviewed the studies regarding the natural convection heat transfer in porous enclosure for different shapes. Mbaye et al. [10] had investigated analytical and numerical studies of natural convection in an inclined porous layer boarded by a finitethickness wall. The horizontal walls were insulated, while the vertical sidewalls kept at constant heat flux ( ̿). Chang and Lin [11] examined the heat transfer effects on conjugate natural convection in a porous enclosure surrounded by finite walls. The results showed that the overall heat transfer rate from the hot side to cold side of the enclosure decreased due to the heat conduction on the wall. Baytas et al. [12] studied numerically, the effects of conjugate heat convection in a square porous cavity bounded by two horizontal conductive finite thickness walls, and two vertical walls at different uniform temperatures. They concluded that, for large values of the conductivity ratio, the flow characteristics were significantly influenced due to the strong coupling effects between fluid-saturated porous medium and the solid walls. Al-Farhany and Turan [13] performed a numerical analysis of natural convective heat transfer in an inclined porous rectangular using Finite Volume Method for various inclination angles ( 0 ≤ φ ≤ 85 ) and aspect ratio (2 ≤ A ≤ 5). The results show that, both of the average Sherwood and Nusselt numbers decrease, when the angle of inclination increases, moreover they decrease when the aspect ratio increases. Saeid [14] studied numerically the effects of conjugate natural convective heat transfer in a twodimensional vertical porous enclosure. The horizontal walls were kept insulated, while the outer surfaces of the vertical walls with a finite thickness were isothermal at different temperatures. The numerical work covered a wide range of governing parameters. It was found that the average Nusselt numbers increased when the Rayleigh number and the thermal conductivity increased, while the Nusselt numbers decreased when the wall thickness increased. Al-Amiri et al.
[15] studied numerically, the conjugate natural convective heat transfer in a fluid-saturated porous enclosure. The porosity of the porous medium (ԑ) were investigated as well as the effect of Darcy number. Saleh and Hashim [16] studied the effects of internal heat generation on the natural convection heat transfer in porous cavity. Rayleigh number, thermal conductivity ratio and the wall thickness were used as governing parameters. Their conclusions were, the maximum fluid temperature increase when, the thickness of a solid wall decrease. Furthermore, it increase when the thermal conductivity ratio increase.
Bhuvaneswari et al. [17] , investigated numerically the effect of aspect ratio in a porous enclosure with partially active walls. The generalized model have been used and the governing equations solved by using Finite volume method with SIMPLE algorithm. Their results shows that, the location of heating and cooling area influence significantly in the rate of heat transfer and the flow patterns in the enclosure. Numerical investigation of conjugate natural heat convection in a differentially heated square enclosure done by Roslan et al [18] . A conductive polygon object used for various Rayleigh number. The results display that polygon object impact on the heat transfer rate. Hossain and Wilson solved using finite difference approach the natural convective fluid flow in a porous rectangular enclosure. All the walls assumed to be Non-isothermal walls with effects of the internal heat generation. The authors studied the effect of porosity, internal heat generation and the rate of heat transfer. Saleh et al. [19] studied the effect of conduction wall from the bottom of a porous square cavity on the rate of heat transfer. COMSOL Multiphysics software is used to solve the non-dimensional governing equations. The results indicate that, when the Rayleigh number and/or thermal conductivity ratio increasing, in addition to decreasing the bottom wall thickness, the circulations of fluid flow and the rate of heat transfer rate increasing. An in-house code based on finite volume method with SIMPLE/SIMPLER algorithm made by Al-Farhany and Turan [20] to study the heat convection in a square porous enclosure with finite wall thickness from two sides. A good correlation equation presented to predict average Nusselt number on the interface of left wall in terms of the governing parameters. More works that are complicated done by AlFarhany and A. Turan [21] to investigate the effects of variable porosity. Revnic et al. [22] used finite difference method to solve numerically free convection flow in a bidisperes porous medium in a square cavity. Natural heat transfer in an inclined porous square enclosure with finite walls thickness from both sides have been investigated numerically by Ahmed et al. [23] . The left sidewall heated partially when the other walls insulated. The results indicate that, when the inclination angle ( ) increases (from 0 45 ), the average Nusselt number increases. Also, when = 60 , the average Nusselt number decreases slightly while, it decreases significantly when = 90 .
Ma et al.
[24] studied numerically, two-dimensional natural convection in a porous square cavity by using Lattice Boltzmann method. The cavity was heated from bottom and the other walls kept at cold temperature. The two vertical cold walls assumed to be varied in its length size. The effect of Darcy number, Rayleigh number, the length of the dimensionless, and porosity on the natural convective heat transfer rate had been included in the study. The results shows that the Darcy and Rayleigh numbers have significant effect on heat transfer as it enhanced as they increase.
It can be noticed from the literature review and according to the best of the authors' knowledge; there are limitations in the studies regarding partially active walls of conductionconvection porous enclosures. The main objective of the present work is to study the conjugate natural convection heat transfer in a porous enclosure partially heated from its left side wall.
MATHEMATICAL FORMULATION
In this paper, two-dimensional congregate of natural convicted heat transfer in porous cavity have been studied numerically with the effect of the partially heated conduction on vertical wall as shown in Figure 1 . The horizontal walls are adiabatic while, different cases have been investigations with different partially heated walls on the left side while, the right walls are kept at constant cold temperature.
The Darcy model was chosen to solve the governing equations. Saturated water used as a working fluid and the porous medium is assumed to be homogeneous and isotropic.
Figure 1. Schematic diagram of the partially heated porous enclosure
All the properties have been assumed to be constant except the density. The flow is driven by buoyancy effect due to temperature variations only. The density variations are described by the Boussinesq approximation:
where
is the thermal expansion coefficient.
The Continuity, momentum and energy of two-dimensional steady state natural convection in porous cavity equations are:
Continuity equation:
X-momentum equation:
Energy equation:
and the energy equation at the walls:
The heat transfer at the walls are defined as in the following:
where Nu is the average Nusselt number. The non-dimensional parameters are:
Equations (2)- (7) are solved using non-dimensional initial boundary conditions:
CFD software package COMSOL Multiphysics used to solved the governing equations along with the boundary conditions. COMSOL Multiphysics is a finite element analysis, solver, and simulation software package for various physics and engineering applications. In this study, triangular mesh generation on square enclosure filled with saturated porous media containing finite wall thickness from one wall. The triangular mesh distribution is shown in Figure 2 for determination whether the scheme of mesh is sufficient and to ensure that the results are grid independent. Grid sensitivity tests were presented such as normal, fine, finer, extra fine, and extremely as tabulated in Table 1 . Considering the accuracy and CPU time, an extra finer mesh size was selected for all the computations done in the present work. Table 2 . Figure 4 demonstrates the isotherms and streamlines for various modified Rayleigh number for D=0.1, Kr=1, and B=0.2. It is observed that, when modified Rayleigh number increases, the vortex strength increases for all cases. The effects on the streamline behaviors is very pronounced at high Rayleigh number. These influences on the vortex strength are proportional to buoyancy force increases due to increasing in heat transfer rates. It can be noted that when modified Rayleigh number increase, the Nusselt number increase. For example, when modified Rayleigh number (Ra=10), the Nusselt numbers are ̅̅̅̅̅ = 0.75577 , ̅̅̅̅̅̅̅ = 3.0109 while the Nusselt numbers are ̅̅̅̅̅ = 1.9384 , ̅̅̅̅̅̅ = 8.2210 when Ra = 1000. The physical reason behind this phenomenon is that; when the modified Rayleigh number increases, the flow circulation intensity increases. With respect to isotherms, it can be seen that when modified Rayleigh number (at Ra = 10), the isotherms have a uniform shape. This is due to weak effect of convective flow and in this case, the conductive heat transfer is dominant. However, when modified Rayleigh number increases (at Ra = 1000), the isotherms change their shapes obviously due to strong effect of convection heat transfer. Figure 5 illustrates the isotherms and streamlines for various dimensionless wall thickness Ra =1000, Kr=1, and, B = 0.2). The flow circulation strength in the porous medium is higher with thin walls while it was lower with thick wall as shown in Figure 5 . It may be noted that as the dimensionless wall thickness increases, the Nusselt number decrease, and that happen because the conduction heat transfer is dominant with increasing wall thickness. For the isotherms contours; it may be noted that; the isotherms pattern becomes more uniform as the walls thickness increases. That happened because the effect of the conductive heat transfer mode becomes more dominate. Moreover, the isotherms pattern demonstrates that the heat transfer is taken place from the hot left sidewall at the middle towards the cold right sidewall because of the large temperature gradient and this result matches with the problem boundary conditions. Figure 6 shows the effect of thermal conductivity ratio on heat transfer rate at Ra=1000, D=0.1 and B = 0.2. In this paper, the thermal conductivity ratio (Kr) is defined as the ratio of the thermal conductivity of solid walls to the thermal conductivity of the fluid. It can be obtained that; when the thermal conductivity ratio is small, the thermal resistance in the left sidewall is high. Therefore, the average Nusselt number at solid walls is high, while the average Nusselt number of fluids is low. On the contrary of that can be seen when the thermal conductivity ratio increases the thermal conductivity of solid walls increases. For that reason, the average Nusselt number at solid walls decreases. On the other hand, the average Nusselt number on the fluid side increases with the increasing of thermal conductivity ratio. This result demonstrates that; the heat transfer mechanism inside the enclosure is converted from conduction when Kr is low to convection when Kr is high. 
Dimensionless wall thickness effects

Thermal Conductivity Ratio effects
number of fluids increases from ̅̅̅̅̅ = 1.9384 at B = 0.2 to ̅̅̅̅̅ = 4.4704 at B = 0.8. The results indicate that, the convection of the porous medium enhances when the heat source length increases, while the average Nusselt number of solid walls decreases as the heat source length increases. Also, the isotherms distribution is strongly dependent on the heat source length. It can be notice that the heat source on the hot left sidewall transfers most of heat into the right cold wall due to the large gradient of temperature, as can be seen from the isotherms accumulated close to the right cold wall. 
Local Nusselt Number results
The local Nusselt number profile of the fluid and the solid phase presented in Figure 8 for various values of modified Rayleigh number at D = 0.1, Kr =1, and B = 0.2. As expected, the heat transfer rate enhanced significantly, when Ra increases from 100 to 1000 due to the increasing of buoyancy and natural convection flow within the enclosure. Same behaviors can be seen when the thermal conductivity ratio increases as well as the increasing of the length of hot wall as shown in Figures 9 and 10 The main results shows that when the wall thickness increases, the convection mechanism will be converted conduction into mode. For that reason, the Nusselt number reduce. Furthermore, as the thermal conductivity ratio increases, the local Nusselt number for the fluid phase increases, while a reverse behavior shown for local Nusselt number along the heated wall. Moreover, when the Rayleigh number increases, the local Nusselt number for both fluid and solid phase increases. Finally, when the heat source length increases, the local Nusselt number of fluid phase increases while, a reverse behavior of the local Nusselt number profiles along the heat source. 
